Purpose: Characterize and monitor treatment response in human papillomavirus (HPV) head and neck squamous cell carcinoma (HNSCC) using intra-treatment (intra-TX) imaging metrics derived from intravoxel incoherent motion (IVIM) diffusion-weighted magnetic resonance imaging (DW-MRI). , and pseudo-diffusion [D*] coefficients) fits were performed on a region of interest and voxel-by-voxel basis, on metastatic neck nodes. Response was assessed using RECISTv1.1. The relative percentage change in D, f, and D* between the pre-and intra-TX weeks were used for hierarchical clustering. A Wilcoxon rank-sum test was performed to assess the difference in metrics within and between the complete response (CR) and non-CR groups. Results: The delta (D) change in volume (V) 1wk-0wk for the CR group differed significantly (P 5 0.016) from the non-CR group, while not for V 2wk-0wk and V 3wk-0wk (P > 0.05). The mean increase in DD 3wk-0wk for the CR group was significantly higher (P 5 0.017) than the non-CR group. ADC and D showed an increasing trend at each intra-TX week when compared with pre-TX in CR group (P < 0.003). Hierarchical clustering demonstrated the existence of clusters in HPV 1 patients. Conclusion: After appropriate validation in a larger population, these IVIM imaging metrics may be useful for individualized treatment in HNSCC patients. Level of Evidence: 2
treatment intensification. 2 In contrast, HPV-related tumors (HPV positive [1] ) are associated with markedly improved outcomes and are now accepted as a distinct biological entity. 3, 4 Marked improved prognosis in these patients has led to efforts that identify patients who may be candidates for treatment de-intensification, including dose de-escalation in radiotherapy. 3 Identifying patients with tumors exquisitely responsive to therapy would facilitate the next generation of clinical trials in HNSCC.
In vitro work with HPV 1 HNSCC cell line studies has suggested that radio-sensitivity of HPV 1 tumors is heterogeneous in nature, with some tumors appearing as resistant to radiation therapy as their HPV-counterparts. [5] [6] [7] Thus, careful patient selection is required for treatment with less aggressive radiotherapy regimens to maintain the excellent outcomes currently achieved with standard therapy. 3 In an era of personalized medicine, it is a prerequisite to better characterize HPV 1and HPV-HNSCC before implementing a shift in the treatment paradigm.
The noninvasive diffusion-weighted MRI (DW-MRI) technique is sensitive to random thermal movement of water molecules and can probe the structure of biological tissues at the microscopic level. 8, 9 Several reports have suggested that the quantitative imaging metric apparent diffusion coefficient (ADC), derived from DW-MRI data using a minimum of two b (b 5 diffusion-weighted gradient factor) values, has shown promise in clinical applications ranging from tumor characterization to the evaluation of treatment response. [10] [11] [12] It has been reported that hypercellular tissue is characterized by low ADC, whereas hypocellular tissue with necrosis, or apoptosis, is characterized by high ADC; the change in ADC (DADC) before, during, or after chemoradiation therapy in HNSCC is a surrogate biomarker of treatment response. 13, 14 Furthermore, multi-b value DW-MRI data allows for fitting the data using the intravoxel incoherent motion (IVIM) model, which measures both Brownian water molecular diffusion and blood perfusion in the capillary network. 15 The quantitative imaging metrics, derived from IVIM, are the diffusion coefficient (D), perfusion fraction (f ) and pseudo-diffusion coefficient (D*), measured without the use of a contrast agent. 16, 17 Recently, feasibility studies have shown the utility of IVIM DW-MRI in the characterization of HNSCC.
18-21
Although DW-MRI has shown promise in the assessment of treatment response, its role in facilitating the recognition of sub-entities within HPV tumors that are exquisitely sensitive to radiation therapy remains unexplored. The present study aims to characterize and monitor treatment response in HPV HNSCC using intra-treatment (TX) imaging metrics derived from IVIM DW-MRI. Inspired by an idea used in many studies that have used clustering approaches for finding sub-entities in cancer. [22] [23] [24] In this study, we will use an unsupervised hierarchical clustering with a distance measure based on the Pearson correlation coefficient to investigate similarities among features and samples.
Materials and Methods

Study Design
Our institutional review board approved this prospective study that is compliant with the Health Insurance Portability and Accountability Act. We obtained written informed consent from all eligible patients who have had biopsy-proven, newly diagnosed HNSCC; diagnostic biopsies were tested for HPV status before the MRI study. Between December 2013 and November 2015, a total of 40 HPV patients were enrolled into the study. Six of these patients were then removed from the study; two of the patients did not have intra-TX data and four patients were excluded due to image distortions resulting from motion and susceptibility artifacts. A total of 34 HPV (30 HPV 1 and 4 HPV2) HNSCC patients (age, 30-82 years; male, 31; female, 3) were included in this study. Among these patients, eight had bilateral metastatic neck nodes. Patient characteristics are given in Table 1 . A total of 136 MRI studies were performed ( Fig. 1 ) with anatomic and DW-MRI sequences (pre-TX, weeks 1, 2, and 3 intra-TX). Patients were treated with chemotherapy and radiotherapy (70 Gy). The treatment details are summarized in Table 2 
MR Imaging Data Acquisition
Multi-b Value DW-MRI Image Analysis
The multi b-value DW-MRI data were fitted to the models detailed below: (a) monoexponential model 8 
where S 0 is the signal intensity without diffusion weighting, S 1 and S 2 represent the signal intensity with the diffusion weighting gradient factor, b (s/mm 2 ). Also, f is the perfusion fraction, D is the diffusion coefficient (mm 2 /s), and D* is the pseudo-diffusion coefficient (mm 2 /s). The imaging metrics derived from IVIM DW-MRI were estimated using a nonlinear least-square curve fitting method as detailed by Lu et al. 20, 26 All postprocessing analyses were performed using in-house scripts written in MATLAB (Mathworks, Natick, MA). Finally, a relative (r) percentage change in imaging metrics between pre-and i th intra-TX week with pre-TX was calculated as:
where W 0wk and W iwk represent the pre-and ith intra-TX week (i.e., i 5 1, 2 and 3) for ADC, f, D, D* and total tumor volume, respectively. Before contouring the regions of interest (ROIs), the T 2w / T 1w images were used as references to determine tumor extent. All diffusion-weighted images were registered to the b 5 0 [s/mm 2 ] image. ROIs were delineated on the neck nodal metastases by a team of radiation oncologist (N.R., > 5 years of imaging experience) and a neuroradiologist (V.H., > 10 years of imaging experience), on the IVIM DW-MRI image (b 5 0 s/mm 2 ) with the Eclipse treatment planning system (Varian Medical Systems, Palo Alto, CA, USA). ROIs were imported by means of an in-house script written in MATLAB for image analysis. For each patient, the total tumor volume was calculated by summing the volume for all slices that contained tumor tissue on T 2w images using ImageJ. 27 The ROIs were fitted on a voxel-by-voxel basis for parametric maps and histograms.
Statistical Analysis
In the present study, the pre-TX and first, second, and third weekly intra-TX ADC, IVIM diffusion metrics (f, D, and D*), and the total tumor volumes were used to capture early treatment-related changes. The imaging metrics for the ROIs were averaged to yield the mean and the standard deviation (SD). To examine which HPV HNSCC patients may cluster together, a heat map with unsupervised hierarchical clustering was generated using IVIM imaging metrics of the relative percentage changes observed in the 28 which is an unsupervised analysis as it does not consider the outcomes (CR or non-CR) in the analysis. As a note, the goal of this analysis is to group those samples that are close distance to one another with the hypothesis that one of the clusters may include patients with worse outcomes (non-CR, in this study), not to find the optimal number of clusters. Also, the non-CR group consisted of PD, SD, and PR patients. A nonparametric Wilcoxon rank sum test (WRST) was performed to assess the differences in the imaging metric values within and between CR and non-CR groups during treatment weeks. Bonferroni correction was applied to address the multiple comparisons between the intra-TX and pre-TX (i.e., 5 metrics: ADC, f, D, D* and total tumor volume at three time points). A P-value < 0.05 was considered statistically significant (before correction for multiple comparisons) and an adjusted P-value < 0.003 (0.05/15) was regarded as statistically significant after Bonferroni correction. The results are presented with and without Bonferroni correction. All data analyses were performed using the Stata 29 and R software. 28 
Results
In total, 136 MRI exams from 34 HNSCC patients were successfully performed using the multi-b value DW-MRI acquisition protocol. The CR group patients median age was 57 years (range, 30-82 years; 28 male and 2 female) whereas non-CR group patients median age was 56 years (range: 51-61 years, 3 male and 1 female). The medians Karnofsky Performance Status (KPS) for CR and non-CR group patients were 90 (range, 70-100) and 90 (range, 80-90) ( Table 1) . Of 34 patients, 30 were classified into the CR group (27 HPV 1and 3 HPV-) and 4 into the non-CR group (3 HPV 1and 1 HPV-), based on the 18 F-FDG PET/CT performed 3-6 months after treatment completion. In the non-CR group, HPV 1 consisted of two PR patients and one SD patient; HPV-consisted of one PR patient.
Within the CR group, the mean total tumor volume at intra-TX week 3 was significantly different (P < 0.05 (WRST); P < 0.003 after Bonferroni correction) from that of pre-TX, i.e., volume reduction of 58%. In the non-CR group, there was only a substantial reduction (44%; P > 0.05) in mean total tumor volumes between intra-TX week 3 and pre-TX. The mean delta(D) change in volume (V) 1wk-0wk in the CR was significantly higher than in the non-CR group (P 5 0.016 [WRST] , noting that the adjusted P value was not considered statistically significant after Bonferroni correction). Also, DV 2wk-0wk and DV 3wk-0wk values were not significantly different between CR and non-CR groups (P > 0.05). Table 3 shows the mean 6 SD for the metrics ADC, D, f and D* at each imaging time point for HNSCC patients. The adjusted P values obtained by means of Bonferroni correction were reported for multiple Intra-TX wk1
Intra-TX wk2
Intra-TX wk3
Pre-TX wk0
Intra-TX wk1
Intra-TX wk2 comparisons. The mean pre-TX ADC, D, f, and D* values in the CR group did not differ significantly from those in the non-CR group (P > 0.003 for all).
In summary, for the CR group, ADC and D showed a statistically significant increasing trend at each intra-TX week when compared with pre-TX (P < 0.003 for all). Also, the mean f values at intra-TX weeks 2 and 3 tend to be lower than those at the pre-TX week (P > 0.003 for both intra-TX week 2 and week 3). On the other hand, D* did not show a trend toward significance at any intra-TX week when compared with pre-TX (P > 0.003 for all). While for the non-CR group, ADC and D values showed an increasing trend at each intra-TX week when compared with pre-TX, but were not statistically significant (P > 0.003 for all). Also, f and D* did not show any trend toward significance at any intra-TX week when compared with pre-TX (P > 0.003 for all). At intra-TX week 3, the mean ADC and D values in the CR group tend to be higher than those in the non-CR group (P > 0.003 for ADC and D). Also, the change in CR group f between intra-TX week 3 and pre-TX (Df 3wk-0wk ) showed a trend when compared with the non-CR group (P > 0.003). Figure 2 shows an example of mean semilogarithmic signal intensity decay curve as a function of the b-value FIGURE 3: A line graph of the mean rADC iwk-0wk (%) (a) and rD iwk-0wk (%) (b) during treatment weeks for the CR and non-CR groups. Error bars represent the standard error of the mean. rD 3wk-0wk was significantly higher in CR group compared with non-CR group (P 5 0.007), whereas rADC 3wk-0wk did not show significant (P > 0.05). Box plots comparing DADC 3wk-0wk 3 10 23 (mm 2 /s) (c) and DD 3wk-0wk 3 10 23 (mm Figure 3a,b demonstrates the mean relative percentage changes (mean 6 SD) in ADC (rADC iwk-0wk ) and D (rD iwk-0wk ), respectively, during the 3 treatment weeks for the CR and non-CR groups. The rADC 3wk-0wk and rD 3wk-0wk reached a percentage increase of 40 6 20.% and 52 6 29% for the CR group, respectively, whereas for the non-CR group these values were 26 6 23% and 24.0 6 16%, respectively. At the intra-TX week 3, the mean rD 3wk-0wk value in the CR group tends to be higher than in the non-CR group (P 5 0.007 (WRST), but not significant after Bonferroni correction), whereas rADC 3wk-0wk did not show significant (P > 0.05). Error bars represent the standard error of the mean. Figure 3c ,d shows box and whisker plots comparing the changes in imaging metric values between intra-TX week 3 and pre-TX (DADC 3wk-0wk and DD 3wk-0wk ) for the CR and non-CR groups. For the CR group, DD 3wk-0wk was significantly higher than the non-CR group (P 5 0.017 (WRST), noting that the adjusted P value was not considered statistically significant after Bonferroni correction). DADC 3wk-0wk in the CR group showed a trend toward higher value than in the non-CR group (P 5 0.06 [WRST] ). Figure 4 illustrates MR images, pre-and intra-TX week 3, with overlaid parametric maps from a patient (52 years, male) who showed CR (HPV1). Similarly, Figure 5 shows MR images, pre-and intra-TX week 3, with overlaid parametric maps from a patient (51 years, female) who showed non-CR (HPV-). Figure 6a ,b shows the histogram distributions of the pre-and intra-TX week 3 measures of ADC and D, within the ROIs of the metastatic neck node, for the same CR and non-CR patients. A shift of ADC and D values toward a higher value at intra-TX week 3 in CR group can be clearly seen, whereas in the non-CR group no major changes in ADC and D values were observed. Figure 7 shows a heat map generated from the unsupervised hierarchical clustering analysis using a total of nine set of values for all 34 patients. After the generation of the heat map, we marked HPV status (blue and red color bar) and clinical response status (the red circles on the right side indicate non-CR patients) on it. It is interesting to note that in the top big cluster consisting of 13 patients, 3 of 4 HPV-patients were clustered together and all 4 non-CR patients belonged to the same cluster, indicating the possibility of the existence of subtypes in HPV 1 HNSCC patients.
Discussion
In this study, we investigated the utility of IVIM DW-MRI for early assessment of treatment response to chemoradiation therapy in HNSCC patients. The CR group demonstrated linear increasing trends for the relative mean percentage change in ADC and D values within the treatment weeks. This was not observed in the non-CR group where these values increased at the early phase of treatment, but decreased at intra-TX week 3. Our initial results suggest that intra-TX week 3 may be a critical time point for early response monitoring in HPV 1 HNSCC patients. An early increase in ADC, and/or D, may reflect changes in tumor cellularity and cell membrane integrity due to apoptosis and necrosis during chemo-radiation. The ADC incorporates the effects of both perfusion and diffusion, whereas D is associated to molecular diffusion. Our findings regarding the D and f values are consistent with previous studies. 18, 19 Kim et al found that the median nodal tumor volume of the PR group was higher, but not significantly different from that of the CR group. 11 In addition, the median volumes decreased significantly in the CR group at weeks 1 and post-TX compared with the volumes at pre-TX. 11 In our study, the CR group demonstrated similar results with a significant reduction in the total tumor volume during the therapy. Previous studies have reported that changes in water diffusivity, affected by tumor cellularity, enable predictive response of metastatic tumors to therapeutic interventions. 11, 30, 31 A recent study used ADC as a marker to compare the mean pretreatment ADC values between HPV 1 (n 5 6) and HPV-(n 5 67) HNSCC and found that HPV 1 HNSCC showed significantly lower ADC compared with HPV-. 32 In HNSCC, cellular tumors with lower pre-TX ADC values have shown a more favorable outcome to chemo-radiation therapy than necrotic tumors with higher pre-TX ADC values.
12,33 IVIM-derived metrics, including D, D*, and f are unique as they are able to assess diffusion and perfusion in a tumor without the use of a contrast agent. 16, 17 Hauser et al reported in a 15 patient feasibility study that pre-TX D values were not significantly different, while f was significantly higher in patients with local regional failure compared with those with local regional control. 19 While Ding et al recently reported in an IVIM DW-MRI study with 31 HNSCC patients that mid-TX values for ADC, D, and f were significantly higher than the pre-TX values for all lesions. 18 In our study, D values at intra-TX week 3 increased significantly in the CR group compared with the non-CR group. Furthermore, DD 3wk-0wk also demonstrated the statistically significant difference between the CR and non-CR groups, whereas Df 3wk-0wk showed a trend toward higher value in the CR group with non-CR group. This indicated that DD and Df can be useful metrics to noninvasively assess diffusion and perfusion fraction without a contrast agent for assessment of treatment response in HNSCC patients. These metrics may also be useful to identify HPV 1 patients eligible for potential dose de-escalation in future studies. The reproducibility of the IVIM techniques was not assessed in this study, although, the reproducibility of the IVIM technique has been previously investigated and found high reproducibility for D with compared to f and D*. 36 So far, f and D* remain exploratory in nature as the biological meaning for these metrics has yet to be fully explored and understood. To capture the basic heterogeneity in the tumor biology of HPV1/-HNSCC with IVIM DW-MRI metrics, we used a hierarchical clustering that provides quantitative and visual stability evidence in estimating the possibility of the existence of clusters in a specific group. This unsupervised clustering method does not identify the most significant imaging metric that could be driving the cluster formation, but instead uses all the IVIM DW-MRI imaging metric values without prior knowledge. The hypothesis in this study is that in the identified clusters we may observe that patients with worse outcomes (non-CR) are grouped. Considering this, we chose to use a hierarchical clustering. Compared with K-means clustering, an advantage of using hierarchical clustering is that the number of clusters is not required as an input. This clustering approach was successful in identifying the possibility of the existence of clusters in the HPV 1 HNSCC group and it highlights the importance of imaging at early time points during therapy. Our initial report lays the building block for larger population validation studies that would enable physicians to re-evaluate patients at week 3 during treatment thereby optimizing individual dose treatment plans while minimizing toxicities for a sub-entity of HPV 1 HNSCC patients.
In this preliminary pilot study of 34 HPV1/2 HNSCC patients we analyzed data from 136 MRI exams. As a note, the non-CR group has a small sample size (n 5 4), allowing only basic comparisons between the CR and non-CR groups during treatments. However, clinical validation, based on a larger patient sample size, is warranted in future studies. The signal-to-noise ratio (SNR) for images acquired with higher b-values, in multi b-value DW-MRI acquisition, is lower compared with the SNR in low b-value images. Voluntary and involuntary bulk motion, or severe susceptibility artifacts due to SS-EPI, is still an issue in the head and neck region. In the future, sequences, such as reduced field of view SS-EPI, would help acquire images with reduced distortions. Finally, the exact nature of the IVIM DW-MRI model needs to be further elucidated.
Using IVIM DW-MRI imaging metrics in hierarchical clustering, the present feasibility study shows interesting initial results and suggests that there may be sub-entities in HPV 1 HNSCC patients undergoing chemoradiation therapy. In the future, these IVIM DW-MRI imaging metrics, obtained pre-TX and early during TX (weekly until the 3 rd FIGURE 7: Clustering results. Heat map from hierarchical clustering. The red circles on the right indicate patients with non-CR. The f (1, 2, 3) , D (1, 2, 3) and D* (1, 2, 3) represent the relative percentage change of f, D, and D* in weeks 1, 2, and 3, respectively. week), can help identify patients who may benefit from dose de-escalation and reduced toxicity based on the inherent biology of the specific tumor.
In summary, DV 1w-0wk and DD 3w-0wk were significantly different between the CR and non-CR groups. A hierarchical clustering approach, shown on a heat map, using IVIM DW-MRI, identified sub-entities in HPV 1 HNSCC patients. This emphasizes the heterogeneity in the radiosensitivity of these tumors. These results are preliminary in nature and are indicative, and not definitive, trends portrayed in HNSCC patients with nodal disease. After appropriate validation in a larger HNSCC population, these findings may be useful in individualized patient care.
